I. INTRODUCTION
A KIN to the semiconductor heterostructures, metallic multilayer system exhibit many fascinating properties that do not exist in single metallic layer system. In particular, magnetic multilayer system integrates spin and charge freedoms of electrons to generate many magneto electronic properties [1] . Among many types of magnetic multilayer systems, antiferromagnetic/ferromagnetic (AFM/FM) systemhas been under intense investigation because of exchange bias effect [2] , [3] . The interesting and complexity of the AFM/FM system is at the AFM/FM interfacial magnetic coupling in which the intralayer AFM/AFM and FM/FM interactions compete with the interfacial coupling to generate the so-called spin frustration. Since spin frustration occurs at atomic scale, surface roughness plays an important role in the AFM/FM interaction. In an effort to minimize the interfacial roughness, single crystalline FeMn/Co/Cu(001) thin films have become one of the model systems for the study of interfacial interactions in AFM/FM system [4] . Previous studies show that the AFM order of the FeMn layer significantly affect the Co magnetic properties [5] , [6] . The observed phenomena were well explained by the FeMn/Co interaction due to the presence of random atomic steps at the interface. Further studies on vicinal surfaces isolate different effects of the atomic steps along different crystal orientations [7] . Encouraged by the success of epitaxial AFM/FM layered systems, it is highly demanded to develop other systems to explore the effect of the AFM layer on various magnetic properties of the FM layer. In a FM system, the two most important properties are the magnetic order and the magnetization orientation. The former is determined by the magnetic exchange interaction, and the latter is determined by the magnetic anisotropy. We recently showed that the AFM order of FeMn could change the perpendicular anisotropy of a Ni layer in FeMn/Ni/Cu(001) system [8] . To reveal systematically how the AFM layer affect these two properties, we carried out a study on epitaxial FeMn/Ni/Cu(001) system as a function of FeMn and Ni film thicknesses. Using photoemission electron spectroscopy (PEEM), we studied the Ni paramagnetic-to-ferromagnetic phase transition and the in-pane to out-of-plane spin reorientation transition (SRT). We find that the antiferromagnetic order of the FeMn layer decreases the Ni Curie temperature and increases the Ni SRT thickness. A 10 mm diameter Cu(001) substrate is prepared by electric polishing and cycles of sputtering at 2 KeV and annealing at 600 C. Low energy electron diffraction (LEED) and auger electron spectroscopy (AES) were used to characterize the substrate to ensure the formation of a clean Cu(001) surface. Ni and Fe Mn films were grown at room temperature by evaporating Ni and co-evaporating Fe and Mn from alumina crucibles. The Ni (0-20 ML) and Fe Mn (0-20 ML) films were grown into cross-wedged shapes by translating the substrate behind a knife-edge shutter in two orthogonal directions during the film deposition. The slope of the wedge is fully determined by the moving speed of the substrate motion and the film deposition rate. In this way, the wedged sample cover a thickness range continuously in a single sample. Since the wedged film was grown under the same growth condition, the variation due to different sample preparation conditions can be eliminated to ensure a systematic thickness dependent study. Therefore the double wedged FeMn/Ni sample enables a systematic study of the magnetic phase diagram as a function of both Ni and FeMn thicknesses. The sample is covered by a 2 nm Cu protection layerbefore being taken from our growth vacuum chamber to the photoemission electron microscopy (PEEM) station of Advanced Light Source of Lawrence Berkeley National Laboratory. In the PEEM measurement, the X-ray is circularly polarized and the photon energy is tuned to the resonant absorption L2 and L3 peaks of the Ni. Photoelectrons are collected to generate element-specific magnetic domain contrast utilizing the effect of X-ray magnetic circular dichroism (XMCD). Typical 0018-9464/$26.00 © 2011 IEEE Fig. 1 . Schematic drawing of the sample and PEEM measurement geometry. The incident X-ray is circularly polarized and is at a 60 incident angle from the sample surface normal direction. magnetic spatial resolution of PEEM image is about 100 nm. By taking PEEM images across our double wedge, we can obtain the Ni magnetic phase diagram with a high accuracy in the Ni and FeMn thickness plane. In the PEEM measurement, the X-ray was incident at 60 from the surface normal direction ( Fig. 1 ) so that both in-plane and out-of-plane magnetization components can be picked up by the PEEM. Fig. 2 shows Ni magnetic domain images as a function of both Ni and FeMn thicknesses. The first observation of Fig. 2 is that the FeMn/Ni bilayer behaves differently for thin and thick FeMn, e.g., the Ni domain undergoes a transition in the region of ML. Recall that FeMn film at room temperature undergoes the paramagnetic-to-antiferromagnetic transition at -ML [6] , the different Ni domain patterns in Fig. 2 must reflect the effects of FeMn at paramagnetic state at -ML and at antiferromagnetic state at -ML.
We first discuss the Ni domains at the paramagnetic region of FeMn. As the Ni thickness increases, there are three different characteristic Ni magnetic states. Below 6 ML thickness, the Ni film exhibits no magnetic domains. By changing the X-ray from left to right circular polarization, we find no difference in the Ni absorption spectrum at the L2 and L3 peaks. This result shows that the Ni below 6 ML at room temperature is at the paramagnetic state rather than being at the single domain state, i.e., the Curie temperature of the Ni film is below room temperature for ML, in agreement with the literature result [9] . For ML, the Ni film exhibits clearly magnetic domains, showing that the Ni film is at the ferromagnetic state. Therefore ML is the critical thickness of which the Ni film undergoes the paramagnetic-to-ferromagnetic phase transition at room temperature, i.e., a 6 ML Ni film has its Curie temperature equal to the room temperature. Even in the ferromagnetic state, we notice different types of Ni magnetic domains in different thickness regions. For ML, the Ni film processes small sized scattered shape domain pattern. By rotating the sample 90 degrees around the surface normal direction, we find that the domain contrast changes with some dark color domains changing into white color domains. Notice that the PEEM domain contrast is from the XMCD effect which is proportional to the projection of X-ray incident direction to the local Ni spin orientation, the change of domain contrast after rotating the sample 90 degrees around the surface normal direction shows that the Ni spin is in the film plane for ML. Above ML, the Ni domain size becomes relatively larger and only has two color contrast (black/white). After rotating the sample by 90 degrees around the sample surface normal direction, we find that the Ni domain contrast remains unchanged, showing that the Ni spin is in the out-of-plane direction at ML. Thus, ML corresponds to the critical thickness that the Ni film undergoes a spin reorientation transition (SRT) from in-plane below 7.5 ML to out-of-plane direction above 7.5 ML. This kind of SRT has been observed in Ni/Cu(001) system [10] . Here we show that the SRT also occurs after the Ni/Cu(001) is covered with FeMn layer.
Next, we discuss the Ni domains at the antiferromagnetic region of FeMn in FeMn/Ni/Cu(001). Three magnetic phases were identified as a function of the Ni thickness, corresponding to the paramagnetic phase, in-plane ferromagnetic phase, and out-of-plane ferromagnetic phase. These three phases are the same as in the FeMn/Ni/Cu(001) as the FeMnlayer is at paramagnetic state. However, the critical Ni thicknesses for the paramagnetic-to-ferromagnetic transition and for the SRT are different as compared to the paramagnetic state of FeMn.
We first discuss the Ni paramagnetic-to-ferromagnetic phase transition in FeMn/Ni for antiferromagnetic phase of FeMn. The Ni critical thickness of this transition is 8.5 ML for antiferromagnetic FeMn overlayer as opposed to the 6.0 ML for paramagnetic FeMn overlayer. Note that the Curie temperature of a ferromagnetic thin film increases with increasing film thickness [11] , the thicker critical Ni thickness of 8.5 ML than 6.0 ML shows that the antiferromagnetic order of FeMn overlayerlowers the Curie temperature of Ni layer, i.e., the interfacial coupling between the ferromagnetic Ni and the antiferromagnetic FeMn lowers the Curie temperature of the Ni film. This result is different from the case of the interfacial coupling between two ferromagnetic layers of which the interfacial coupling should always increases the Curie temperature of the films [12] . The microscopic mechanism is that the FM ordered film can polarize the adjacent interfacial layerwhich is equivalent to an increase of the ferromagnetic layer thickness, leading to a higher Curie temperature. For the case of FeMn/Ni bilayer, we observe the exact opposite result. Here we offer a hand waving explanation. For the FM/FM bilayer case, the interfacial coupling is equivalent of applying an effective magnetic field from one FM layer to the other thus helping the establishment of the FM order of the second layer. For the AFM/FM bilayer case, the interfacial coupling occurs between the FM spins which are parallel to each other and the AFM spins which are alternating their directions between nearest neighbors [for compensated spin surface such as the FeMn (001) surface]. Therefore, the AFM order is equivalent of applying a local magnetic field, which alternates its direction between nearest neighbors, to the FM layer at the interface. This "random" magnetic field obviously has an effect of destroying the parallel alignment of the FM layer spins to promote a loss of the FM order. This explains why the AFM order of the FM layer decreases the Curie temperature of the Ni layer (or increases the Ni critical thickness) in FeMn/Ni bilayer system. But we should point out that a loss of macroscopic magnetization of the Ni film does not necessarily mean the loss of magnetic order. Random field could establish a spin glass magnetic order in the Ni film which also leads to a loss of macroscopic magnetization. A final distinguish between paramagnetic and spinglass states needs a susceptibility measurement at the transition point.
We then discuss the Ni SRT in FeMn/Ni for the antiferromagnetic phase transition of FeMnoverlayer. First, in the region where FeMn changes from paramagnetic to antiferromagnetic ( ML) and Ni SRT takes place ( ML), the out-of-plane Ni domains breaks into relatively small domains. This phenomenon is similar to the domain change in Co/FeMn system, which is attributed to the establishment of the FeMnantiferromagnetic order [5] . This is an important signature of the FeMn AFM order because metallic FeMn does not generate X-ray Magnetic Linear Dichroism so that there is no effective way to measure the FeMn AFM order. Then dramatic result is that the Ni SRT critical thickness is 10.5 ML for AFM ordered FeMn which is 40% higher than the 7.5 ML of the Ni SRT critical thickness for paramagnetic FeMn. Generally speaking, the spin direction of a FM thin film is determined by its magnetic anisotropy. The SRT of Ni film in Ni/Cu(001) is a result of the competition among the shape anisotropy, surface anisotropy, and the volume anisotropy [13] . Since all these three anisotropies should be stabilized within a few atomic layers of the FeMnoverlayer, the change of the Ni SRT shows that the AFM order of the FeMnoverlayer introduces an additional magnetic anisotropy to the Ni film.
To understand why the FeMn AFM order induces a magnetic anisotropy, we notice that the magnetic interfacial interaction between FeMn and Ni is tuned on only after the establishment of the FeMn AFM order. The magnetic energy of the Ni layer can be expressed in terms of its spin components which correspond to the magnetic anisotropy terms. Thus, the effect of the FeMn/Ni interfacial interaction should also be expressed as an anisotropy term. That is why the Ni layer in the FeMn/Ni system experiences different magnetic anisotropies at paramagnetic and antiferromagnetic states of the FeMn film. To further understand the microscopic mechanism, one needs to consider the spin structure of FeMn. For FeMn (001) atomic planes, the nonlinear 3Q-like spin structure [14] has a zero net spin for the in-plane spin component but a non-zero out-of-plane spin component which alternates its direction between neighboring (001) planes. Then at the FeMn/Ni interface with the presence of atomic steps (inevitable in real experimental systems), the nonzero perpendicular spin component at each atomic terrace interacts with the Ni layer. Then the presence of atomic steps will lead to a magnetic frustration [15] that the FeMn-Ni interfacial interaction favors an alternating alignment of the Ni spins between neighboring terraces in the surface normal direction and that the Ni-Ni ferromagnetic interaction prefers a parallel alignment of the Ni spins. This kind of magnetic frustration usually ends up a 90 degree spin alignment between the AFM and FM spin orientations by introducing an effective uniaxial magnetic anisotropy to the FM layer which favors the FM spin being perpendicular to the AFM spins [16] . Another way to understand the AFM/FM 90-degree coupling is that the effect of the FM to the AFM layer in the AFM/FM interaction is equivalent of applying a magnetic field (FM layer magnetization) to the AFM layer. Then the well-known "spin-flop" state in antiferromagnets [17] results in the switching of the AFM spins to the perpendicular direction of the magnetic field. For the AFM/FM bilayer case, the "spin-flop" transition corresponds to a switching of the FM spins to the perpendicular direction of the AFM spins. Then for the specific case of FeMn/Ni/Cu(001) system, the FeMn/Ni out-of-plane interfacial spin frustration should generate a magnetic anisotropy that favors the Ni spins to be perpendicular to the film normal direction, i.e., favors the Ni spins to be in the plane of the film. That is why the AFM order of the FeMnoverlayershifts the Ni SRT thickness to a thicker thickness by changing the Ni magnetization direction in the region of ML from out-of-plane direction at paramagnetic FeMn state to in-plane direction at antiferromagnetic state of FeMn. Based on the magnetic domain images, the Ni magnetic phase diagram at room temperature is established and shown in Fig. 3 . The two solid lines mark out the phase boundaries between the paramagnetic phase, in-plane ferromagnetic phase, and out-ofplane ferromagnetic phase.
In summary, we fabricated FeMn/Ni bilayer into cross wedges on Cu(001) and employed PEEM to construct a complete Ni magnetic phase diagram at room temperature. Three magnetic phases are identified and the phase boundaries are determined. The different value of the Ni critical thicknesses for the two phase transitions is attributed to the paramagnetic and antiferromagnetic phases of the FeMnoverlayer. We conclude that the antiferromagnetic order of the FeMn at -ML increases the Ni critical thickness for both transitions, indicating that the FeMn antiferromagnetic order decreases the Curie temperature of the Ni film and also induces an in-plane magnetic anisotropy to the Ni film.
